Aging is accompanied by involutional changes in testicular function; limited data suggest a decrease in bilateral testicular volume (BTV). We studied BTV by ultrasonography in relation to serum gonadal hormones in 115 healthy elderly men (median age, 78 yr) and 42 young men (median age, 26.5 yr). Elderly men had a clearly smaller BTV (mean, 20.6 vs. 29.7 ml; P < 0.001), whereas serum inhibin B was slightly but significantly decreased (mean, 176.8 vs. 212.8 ng/liter; P ‫؍‬ 0.04); lower values in the elderly were observed for bioavailable (Bio) testosterone (T), Bio 17␤-estradiol, inhibin B/FSH (mean, 18 vs. 58 ng/mU; P < 0.001), and T/LH ratios. In the elderly and the young, respectively, BTV was associated with inhibin B (r ‫؍‬ 0.53, P < 0.001; r ‫؍‬ 0.41, P < 0.01), FSH (r ‫؍‬ ؊0.53, P < 0.001; r ‫؍‬ ؊0.48, P < 0.01), and inhibin B/FSH ratio. Only in the old men was BTV significantly associated with LH (r ‫؍‬ ؊0.32; P < 0.001), Bio T (r ‫؍‬ 0.26; P < 0.01), and T/LH (r ‫؍‬ 0.48; P < 0.001). In a multivariate analysis, FSH, inhibin B, and Bio T were independently associated with BTV in the elderly (R 2 ‫؍‬ 0.34). Receiver operating characteristics curve analysis indicated that BTV at a criterion value of 14.3 ml had a sensitivity of 46% and a specificity of 79% to predict low serum Bio T levels in the elderly. In conclusion, the moderately decreased BTV observed in elderly men, strongly associated with a decrease of the inhibin B/FSH ratio, is consistent with a reduced Sertoli cell mass, compensated by increased FSH stimulation resulting in only limited decrease of Sertoli cell function. Finding of a low testicular volume in elderly men can contribute to the diagnosis of hypogonadism, but this criterion has low sensitivity to detect decreased T production.
A GING IN HEALTHY men is associated with various
changes in the hypothalamo-pituitary-testicular axis. This is manifested by a progressive, albeit variable, decline of Leydig cell function with an approximately 50% decrease of mean serum free [or bioavailable (Bio)] testosterone (T) levels in the population between ages 25 and 75 yr (1) (2) (3) (4) . Underlying this decrease of T production are both primary testicular changes with reduced secretory response to gonadotropic stimulation (5) and alterations of the neuroendocrine regulation of Leydig cell function, with inadequate LH response to the prevailing state of relative hypoandrogenism (6 -8) .
Aging is also accompanied by an increase of FSH (9, 10), but limited available information indicates relatively well preserved spermatogenesis. A recent meta-analysis suggests that age is associated with some decline in semen volume, sperm motility, and sperm morphology but not sperm concentration (11) . However, the available studies evaluated selected populations and included small numbers of men older than 60 yr of age (11) . Besides the impracticability of obtaining semen samples from large numbers of elderly men, the use of semen analysis in epidemiological studies is hampered by technical problems (for review, see Refs. 12 and 13). Although Sertoli cell function and spermatogenic activity, as assessed indirectly through serum inhibin B levels, appear to be rather well maintained in ambulatory elderly men, aging is accompanied by a progressive marked decrease of the inhibin B/FSH ratio (14) .
Although the age-related decline of testicular function has received a lot of attention, its impact on the well-being of elderly men remains ill defined, and the diagnostic criteria for hypogonadism in the elderly are controversial (15) .
In this context, it is surprising that there is little compelling data on the age-related changes in testicular volume and virtually no information on the relationship between hormonal changes and testicular volume in aging men. Most available studies are inconclusive due to the small size and/or highly selective character of the considered sample of elderly men (16 -23) . Moreover, these smaller studies yielded inconsistent results. In a larger necropsy study, Handelsman and Staraj (24) observed a decrease in testicular volume from the eighth decade on; in that study hormonal data were not obtained. A study by Stearns et al. (25) is the only larger study reporting on testicular volume and hormones in the elderly, but in their study, testicular volume in the elderly was compared with historical controls.
The aim of the present study was to assess testicular volume in a sizable group of elderly men over 70 yr of age in comparison with young men and in relation to hormonal indices of both Sertoli cell and Leydig cell function. Indeed, it is presently unknown how the age-related changes in testicular function, with mixed testicular and central pathogenesis, are reflected in changes in testicular size and in how far the relationship between the hormone levels and testicular volume might differ between the young and the elderly. The Abbreviations: Bio, Bioavailable; CI, confidence interval; E2, 17␤-estradiol; ROC, receiver operating characteristics; T, testosterone.
latter also has implications for the use of testicular volume in the clinical evaluation of elderly men.
Subjects and Methods Subjects
The elderly ambulatory men in this study (n ϭ 168) have been recruited from the population register of a semirural community of 20,000 inhabitants near the Ghent University Hospital (Ghent, Belgium) and constitute a subgroup of a study population included in an ongoing longitudinal observational study initiated in 1996 on the relationship between androgen status and bone mineral density. The only initial selection criteria were age between 70 and 85 yr and willingness to participate. The data presented here have been obtained in a subgroup of the population at the occasion of the fifth yearly investigation performed in 2000. Included in the present study are also younger male reference subjects (18 -40 yr; n ϭ 71) consisting of volunteering students and hospital staff members. All men included in the study were Caucasians. All participants gave a written informed consent for participation in this study approved by the Ethical Committee of the Ghent University Hospital.
Data were analyzed after the exclusion of subjects (29 young men and 53 elderly men) with a history or physical finding indicative of gonadal abnormality including varicocele, cryptorchidism, testicular torsion, and orchitis, or on the basis of active debilitating diseases or the use of any of the following medications: androgens, antiandrogens, insulin and oral antidiabetic agents, antiepileptic drugs, dopaminergic drugs and neuroleptics, systemic glucocorticoids, and cimetidine. Debilitating diseases leading to exclusion from the study were osteoporosis requiring treatment, hyperthyroidism, adrenal insufficiency, malignancy, inflammatory rheumatic disease, elevated serum calcium (Ͼ2.65 mmol/liter), elevated fasting glucose (Ͼ8.33 mmol/liter), elevated serum creatinine (Ͼ177 mol/liter), recent myocardial infarction, cerebrovascular accidents, or decompensated chronic obstructive pulmonary disease.
Common diseases in our study population that have not been reason for exclusion were atherosclerosis, treated hypertension, benign prostatic hypertrophy, osteoarthrosis, diabetes controlled with only diet, and compensated chronic obstructive pulmonary disease not requiring systemic steroid therapy.
Data from baseline examinations in 1996 of larger subgroups of the same elderly study population have been the subject of separate reports on not directly related issues as well as a report on inhibin B serum levels (14) .
History taking, physical examination, and testicular volume measurement
History taking and physical examination were performed according to the recommendations of the World Health Organization (26) . Testicular dimensions were measured using ultrasonography with a 7.5-MHz probe (Ultramark 6, Advanced Technology Laboratories, Bothell, WA). This method has been previously characterized as objective, accurate, and reproducible (27) . The testicular volume was calculated using the following formula: V ϭ /6 ϫ L ϫ D 2 , where V ϭ testis volume, L ϭ maximal length of the testis, and D ϭ maximal diameter of the testis (27) . The total testicular volume was calculated as the sum of the right and left testis volumes.
Hormone assays
Venous blood was obtained between 0800 and 1000 h, after an overnight fast. Serum was stored at Ϫ80 C until assay. Serum samples of elderly men and controls were proportionally represented in each hormone assay run.
Commercial kits for RIA were used to determine the serum concentrations of T (Medgenics Diagnostics, Fleurus, Belgium) and estradiol (E2; INCSTAR Corp., Stillwater, MN); commercial kits for immunoradiometric assays were used for determinations of serum SHBG (Orion Diagnostica, Espoo, Finland), LH, and FSH (Medgenics Diagnostics). Intra-and interassay coefficients of variation for all of these assays were less than 10 and 15%, respectively.
Serum Bio T and Bio E2 were calculated from the total serum hormone concentrations, serum SHBG, and serum albumin, using an equation derived from the mass action law (28) . Serum inhibin B was determined in duplicate using a specific (29) double-antibody, enzyme-linked immunoassay (Inhibin-B, dimer assay kit ultra-sensitive, Serotec, Oxford, UK). Intra-and interassay coefficients of variation were 6% and 9%, respectively.
Statistics
Some variables in the analysis turned out to be skewed. Their distributions were therefore characterized by the median and interquartile range. The t test was used, after transformations to obtain normal distributions when necessary, to test differences between the groups studied. Otherwise, the Mann-Whitney U test was used. Spearman rank correlations were calculated for studying univariate associations. To study the simultaneous effects of various variables on serum inhibin levels and total testicular volume, multiple linear regression was used. An a priori 5% level was used to indicate statistical significance. The receiver operating characteristics (ROC) curve was used to determine within the group of elderly men the performance of the total testicular volume in differentiating between men with low (positive group) or normal Bio T levels (negative group), using the mean Ϫ2.5 sd of Bio T level in the young control population as the lower limit of normality (4.9 nmol/liter). Statistical analyses were performed using SPSS software (SPSS for Windows, release 10.0.5, SPSS, Inc., Chicago, IL) and Medcalc software for ROC curve analysis (Medcalc for Windows, Version 6.16; Medcalc, Mariakerke, Belgium).
Results
The findings for the considered variables in the ambulatory elderly men compared with the reference group of young men are summarized in Table 1 . The mean testicular volume in men over 75 yr is 31% smaller than in the 18-to 40-yr-old men. This difference in testicular volume is accompanied by significantly higher mean serum levels of gonadotropins and lower serum Bio T. Serum inhibin B is slightly but significantly lower in the elderly by 17%. Figure 1A illustrates the shift in distribution toward lower values for total testicular volume in the elderly compared with young men, with more similar distribution patterns for serum inhibin B between age groups (Fig. 1B) . The slight decrease of mean serum inhibin B in the elderly is largely due to 12% of the elderly men presenting with very low serum inhibin B (Ͻ50 ng/liter); in fact, the median inhibin B serum level in the elderly is only 10% lower than in the young control population, i.e. 174 vs. 194 ng/liter. Both the inhibin B/FSH and T/LH ratios are markedly lower in the elderly compared with the younger men. The elderly men with very low inhibin B (Ͻ50 ng/liter) were not significantly older than the rest of the elderly men (median age, 79 vs. 78 yr), but they had a significantly smaller total testicular volume (mean Ϯ sd, 8.3 Ϯ 5.7 vs. 22.3 Ϯ 10.3 ml; P Ͻ 0.0001), lower Bio T (4.1 Ϯ 1.4 vs. 5.4 Ϯ 1.5 nmol/liter), and higher LH and FSH levels (data not shown), indicating marked primary testicular failure.
ROC curve analysis indicated that in the elderly, total testicular volume at a criterion value of 14.3 ml or less had a rather low accuracy in differentiating elderly men with low Bio T (i.e. Ͼ2.5 sd below the mean for young men or Ͻ4.9 nmol/liter) from those with normal Bio T levels in serum, with an area under the curve of 0.611 [95% confidence interval (CI), 0.514 -0.702], a sensitivity of 45.8% (95% CI, 31.4 -60.8) a specificity of 79.4% (95% CI, 67.3-88.5), a positive likelihood ratio of 2.22, and a negative likelihood ratio of 0.68.
The associations between the variables studied within the groups of young and elderly men, respectively, are shown on Table 2 . In both the young and the elderly, testicular volume was strongly associated positively with serum inhibin B and negatively with serum FSH, and thus also strongly positively associated to the inhibin B/FSH ratio. In the elderly but not in the young, testicular volume was also significantly associated positively with serum Bio T, negatively with serum LH, and positively with the T/LH ratio. Negative correlations between age and both Bio T and Bio E2, and a moderately positive association of age with serum inhibin B were observed in the young but not in the elderly. In both groups, serum inhibin B is strongly negatively correlated to FSH.
When fitting a multiple regression model for total testicular volume in the young group, which included multiple variables (Table 3) , serum FSH is found to be the only independent determinant, with a rather low coefficient of determination (adjusted R 2 ϭ 0.16; P ϭ 0.006). In the elderly (Table 4) , FSH, inhibin B, and Bio T are selected as independent variables (adjusted R 2 ϭ 0.34; P Ͻ 0.001). In a multiple regression model toward serum inhibin B that includes FSH, LH, total testicular volume, and Bio T, the determinants found to contribute independently in the group of young men are FSH and Bio T (adjusted R 2 ϭ 0.32; P Ͻ 0.001), whereas in the elderly, FSH, LH, and total testicular volume are selected as independent variables (adjusted R 2 ϭ 0.49; P Ͻ 0.001).
Discussion
The present study of testicular volume in relation to hormonal indices of gonadal function in a sizable group of healthy men in their eighth and ninth decades of life further refines our insight into the changes in testicular function in healthy old men. This study is, to the best of our knowledge, the first to analyze in detail the relationship between testicular volume, measured by ultrasonography, and hormonal indices of gonadal function in young and elderly men.
Testicular volume was found to be significantly smaller in the elderly compared with the young control group, which is in agreement with previous studies (18, 20, 21, 24) . One study involving a small number of healthy men who had fathered children did not demonstrate such a decline (23) . In the latter study, the elderly male population was about 10 yr younger than our group of elderly men, and the selection of men was based on proven fertility and may, therefore, not be representative of the general population. In a necropsy study, Handelsman and Staraj (24) observed that, in healthy men, age demonstrates a negative effect on testicular volume only from the eighth decade of life on. Most studies reporting on the effect of age on sperm parameters included relatively younger men compared with our elderly study population. Although these studies indicate no change in sperm concentration in men above 50 yr of age, a decrease of 3-22% in semen volume is reported, indicating at least some decline in the total sperm count (11) .
Whereas testicular volume was clearly smaller in our elderly study population, serum inhibin B levels were less affected by aging, which confirms our previous finding on serum inhibin B obtained at baseline (4 yr earlier) in essentially the same elderly population (14) . However, this limited decrease in inhibin B serum levels is accompanied by an almost 2-fold elevation of serum FSH levels, resulting in a marked decrease in the inhibin B/FSH ratio. The latter findings together with the reduced testicular volume are consistent with the concept that in elderly men Sertoli cell mass is reduced (30) , with compensatory increase of FSH stimulation allowing for global Sertoli cell function (and spermatogenesis) to be relatively preserved. The subgroup of elderly men with very low inhibin B serum levels (Ͻ50 ng/liter) had a small testicular volume, lower Bio T, and higher LH and FSH, indicating marked primary testicular failure. This might reflect the existence of testicular pathology distinct from the normal aging, even though subjects with detectable causes of testicular failure were excluded. It is also possible that these changes represent an extreme of the spectrum of age-related alterations in testicular function.
Our findings show that the strong association between total testicular volume and serum inhibin B levels that has been reported for young men (13, (31) (32) (33) (34) also holds true in the oldest old. Interestingly, total testicular volume is similarly strongly correlated to serum FSH, serum inhibin B, and the inhibin B/FSH ratio in the elderly and in the younger reference group; whereas associations between testicular volume and Bio T, LH, and the T/LH ratio were clearly more prominent in the elderly compared with the young. The latter observation seems consistent with the view that age-related testicular changes affect both the Leydig cell and Sertoli cell function with, however, in the elderly, preservation of the neuroendocrine regulation of Sertoli cell function by FSH that is operational in young men, whereas in the case of Leydig cell function, involutional testicular changes are also accompanied by age-related alterations in the neuroendocrine regulation of LH secretion (6, 14) .
The similar correlations between the total testicular volume and both FSH and inhibin B suggest that inhibin B does not provide additional information on Sertoli cell function. Nevertheless, multivariate analyses show that in the elderly, but not in the young, serum inhibin B is associated with testicular volume independently from serum FSH. This, in turn, indicates that in the elderly the decline of Sertoli cell mass is not fully compensated by increased FSH stimulation, or is not compensated in all subjects as suggested by the occurrence of a minority (i.e. 12%) of elderly men with very low serum inhibin B.
As to the predictive power of testicular volume for Bio T production in the elderly, ROC curve analysis of our data indicated that the total testicular volume had low sensitivity but reasonable specificity in differentiating between men with low or normal Bio T serum levels. In other words, the probability of an elderly man having a total testicular volume of 14.3 ml or less when his Bio T level in serum is decreased is only 46%, whereas there is an 80% probability of having a total testicular volume larger than 14.3 ml when Bio T level in serum is normal.
In conclusion, the strong correlation between testicular volume and serum inhibin B is maintained until old age in healthy men. An age-related moderate decrease of testicular volume reflects a decrease of Sertoli cell mass, global Sertoli cell function being largely, but not fully, preserved at the cost of increased pituitary FSH stimulation. Finding of a low testicular volume in elderly men can contribute to the diagnosis of hypogonadism, but this criterion has low sensitivity to detect decreased T production. 
